A navigator-gated 3D spiral cine displacement encoding with stimulated echoes (DENSE) pulse sequence for imaging 3D myocardial mechanics was developed. In addition, previously-described 2D post-processing algorithms including phase unwrapping, tissue tracking, and strain tensor calculation for the left ventricle (LV) were extended to 3D. These 3D methods were evaluated in 5 healthy volunteers, using 2D cine DENSE and historical 3D myocardial tagging as reference standards. With an average scan time of 20.5 ± 5.7 minutes, 3D data sets with a matrix size of 128 × 128 × 22, voxel size of 2.8 × 2.8 × 5.0 mm 3 , and temporal resolution of 32 ms were obtained with displacement encoding in three orthogonal directions. Mean values for end-systolic midventricular mid-wall radial, circumferential, and longitudinal strain were 0.33 ± 0.10, −0.17 ± 0.02, and −0.16 ± 0.02, respectively. Transmural strain gradients were detected in the radial and circumferential directions, reflecting high spatial resolution. Good agreement by linear correlation and Bland-Altman analysis was achieved when comparing normal strains measured by 2D and 3D cine DENSE. Also, the 3D strains, twist, and torsion results obtained by 3D cine DENSE were in good agreement with historical values measured by 3D myocardial tagging.
INTRODUCTION
Quantitative imaging of myocardial motion and strain is of growing importance. In addition to conventional applications such as ischemia detection (1, 2) and evaluation of myocardial mechanics related to cardiac surgery (3) (4) (5) , newer applications include quantifying mechanical dyssynchrony in heart failure (6, 7) and measuring the functional effects of experimental therapies such as stem cells (8) . Potential advantages of quantitative methods are that they may improve diagnostic sensitivity and specificity (9) , may reduce subjectivity and intra-and inter-observer variability, and may facilitate statistical comparisons of cardiac function between different experimental groups.
While quantitative two-dimensional (2D) imaging is more common than three-dimensional (3D) imaging, motion of the left ventricle (LV) is, in fact, complex and three-dimensional. The myocardial strain tensor has significant components in the radial, circumferential and longitudinal directions, as well as important off-diagonal components, reflecting the 3D contraction, twist, and torsion that are integral to efficient pump function. A technique that is 3D both with respect to spatial coverage and motion measurement is required for a complete assessment of LV motion. Three-dimensional myocardial tagging MRI has previously been used to noninvasively measure the 3D mechanics of the LV in detail (10) (11) (12) (13) , and these data provide a reference standard against which new methods may be compared. However, strain analysis of 3D tagged MR images is laborious and time consuming due to the need to detect tag lines, rendering the technique impractical for routine use.
Cine (Displacement Encoding with Stimulated Echoes) DENSE is a newer MRI technique for quantitative imaging of myocardial motion (14, 15) . This technique encodes tissue displacement (typically relative to an end-diastolic reference time) into the phase of the MR image (14) . Since displacement is encoded in the phase, the estimation of tissue motion does not require tag detection, and displacement and strain analysis is less time-consuming for DENSE than for conventional tagging. Previously, 2D cine DENSE has been described and validated using 2D myocardial tagging as a reference standard (15) . The purposes of the present study were to develop 3D cine DENSE and evaluate this method in healthy volunteers.
METHODS
All scans in this study were performed on a 1.5T MRI system (Avanto, Siemens Medical Solutions, Erlangen, Germany) with a six-channel phased-array radiofrequency (RF) coil. All human imaging was conducted under protocols approved by the institutional review board at the University of Virginia. Informed consent was obtained from all subjects and all imaging was compliant with the Health Insurance Portability and Accountability Act.
Pulse Sequence and Image Reconstruction
To facilitate volumetric coverage of the entire LV as well as relatively high spatial and temporal resolution compared to previous 3D myocardial tagging studies (10-13), a freebreathing navigator-gated method was employed for 3D cine DENSE data acquisition. Also, to minimize echo time (TE) and increase signal-to-noise ratio (SNR) compared to an echoplanar approach, data were sampled using a spiral k-space trajectory (16) . The specific design details of the sequence are shown in Fig. 1 . The navigator echo, formed using two orthogonal slice selective 90o and 180o RF pulses (17) , was acquired at the end of the cardiac cycle, so as not to interfere with displacement encoding or imaging during the onset of myocardial contraction. The navigator data were used to accept or reject the DENSE data acquired in the subsequent heart beat. Immediately following R-wave detection and just before application of the initial displacement-encoding pulses, a fat suppression RF pulse was applied. The purpose of this pulse was to suppress the contribution of fat to the displacement-encoded magnetization to be stored along the longitudinal axis, resulting in fat suppression for stimulated-echo images throughout the cardiac cycle (18) . The displacement-encoding module was applied next, and supported either simple or balanced multi-point displacement encoding (for optimal phase SNR (19)), and two-or three-point phase cycling for suppression of additional artifact-generating echoes (20) . The displacement-encoding module was followed by successive (multiphase) application of a readout module, which employed an interleaved stack-of-spirals trajectory to sample the 3D k-space after application of the DENSE unencoding gradients. DENSE displacementencoding gradients were designed using the shortest possible time, and unencoding gradients were combined with phase-encoding gradients in the slice-select direction to minimize TE. Ramped flip angle was implemented to approximately equalize the SNR at all cardiac phases (21) . Two 3D acquisitions with different TEs, where each used a single spiral interleave per 3D partition, were also acquired for field mapping and spiral off-resonance correction (deblurring).
Displacement-encoded phase images of the stimulated echo were reconstructed online. First, deblurring of the 3D stack-of-spirals data set was performed (22) . Specifically, a Fourier transform (FT) was performed in the z direction, and then 2D off-resonance correction was performed partition-by-partition using linear fit coefficients calculated using the field maps (22) . Two-dimensional in-plane gridding and FT were applied to the deblurred k-space data to obtain complex 3D image volumes. Cancellation of interference from artifact-generating echoes and isolation of the stimulated echo were achieved by combination of the phase cycling data sets (20) . Decoding of the multi-point displacement-encoded data (19) , integrated with phase-difference multi-coil reconstruction (23) , was performed to obtain the displacement-encoded phase images in the x, y and z directions at each cardiac phase. The corresponding overall magnitude image at each cardiac phase was also calculated using the square root of the sum of the squares of stimulated echo data for all encoding directions and all coils.
Computation of Myocardial Mechanics from 3D Cine DENSE Images
Analysis of myocardial mechanics was performed offline using algorithms developed in MATLAB (Mathworks Inc., Natick, MA, United States). The postprocessing of cine DENSE data typically includes the following steps: segmentation of the LV, phase unwrapping, and tissue tracking (24) . Subsequently, the calculation of strain, twist, torsion, and other metrics of motion and function are performed. For the 3D data acquired in this study, previous 2D algorithms (24) were generalized and extended to 3D.
In the present study, 3D segmentation of the LV myocardium was performed manually, using the magnitude-reconstructed images. For phase unwrapping, the spatiotemporal guided-floodfill algorithm developed for 2D cine DENSE (24) was extended to three spatial dimensions plus time, and was applied to the voxels of the segmented myocardium. The unwrapped phase data were then converted to Eulerian displacement by dividing by the displacement encoding frequency, and the 3D Eulerian displacement of each voxel was computed by means of vector addition of the three orthogonal 1D displacement data.
Next, to compute Lagrangian displacement trajectories, the tissue tracking algorithms previously described for 2D data (24) were extended to 3D. Scattered data interpolation using radial basis functions of linear splines was performed to calculate the 3D motion trajectories of LV voxel centers identified at the initial acquired cardiac phase (25) . These trajectories were then slightly smoothed using 10th order polynomial functions.
A 3D strain analysis algorithm was also implemented. Briefly, for each voxel of interest (VOI) at the first cardiac phase, N nearest available neighbor voxel positions (N ≤ 12) were identified in the closest three partitions within the myocardial contours. The distance vector matrix V 0 at the initial time was formed by assembling the distance vectors pointing from the VOI to its N neighbors. Assuming uniform and isotropic strain within the space specified by the VOI and its neighbors, the deformed distance vector matrix V n at any cardiac phase n is expressed by V n = FV 0 , where F is the 3D deformation gradient tensor. F was solved using singular value decomposition, which is insensitive to ill-conditioned cases. The 3D Lagrangian finite strain tensor E was then calculated as E = (F T F − I)/2, where the superscript T denotes the matrix transpose operation, and I is the identity matrix. For each voxel within the myocardium, this algorithm uses all available neighboring voxels in 3D to calculate the strain tensor. Using this approach, a strain tensor is computed for all myocardial voxels. Since there are typically 3 -4 voxels across the wall at the first cardiac phase, strain can be estimated at 3 layers.
E was then decomposed into the local radial, circumferential and longitudinal (RCL) coordinate system, defined with respect to the LV contours at the first cardiac phase (10) , to obtain normal strains E rr , E cc , and E ll , respectively. The shear strains E rc , E rl , and E cl were also calculated. The directions of the first, second and third principal strains and the corresponding eigenvalues (E 1 , E 2 and E 3 ) were found after diagonalization of E.
The twist angle of a VOI was defined as the angle between the radial lines connecting the center of the slice to the center of the VOI at end diastole and at each cardiac phase. A positive angle was defined as counterclockwise rotation when viewed from the base of the LV.
Torsion, defined as the normalized gradient of twist in the longitudinal direction, was calculated as the difference between the twist angles of the apex and the base of the LV, normalized by the ratio of the long-axis length to the average short-axis radius of the LV.
For each partition, the myocardium was divided into subendocardial, mid-wall and subepicardial layers, and strain-time curves of each layer were examined separately. In addition, standard LV segments were identified based on the conventions of the American Heart Association (AHA) (26) and were used to characterize the strains and twist angles in different regions at end systole. Paired student t-test and analysis of variance (ANOVA) were performed to evaluate the statistical significance when necessary. In general, one-way ANOVA was performed. However, if the data failed the normality test, then ANOVA on ranks was used.
Evaluation of 3D Cine DENSE in Normal Volunteers
The 3D cine DENSE pulse sequence, reconstruction methods, and mechanics analysis were evaluated in 5 healthy volunteers (all male, age ranged from 21 to 45 years with a mean of 30.0 ± 8.5 years). Imaging parameters included field of view (FOV) = 360 × 360 × 140 mm 3 , voxel size = 2.8 × 2.8 × 5.0 mm 3 , ramped flip angles with the last angle = 20°, repetition time (TR) = 16 ms, TE = 1.3 ms, temporal resolution = 32 ms, and cardiac phases = 22. The imaging volume was oriented such that the 3D partition direction was aligned with the long axis of the LV. Fourteen 3D partitions were acquired, and zero-padding to 28 partitions was performed during reconstruction. After FT in the partition direction, 3 partitions at each end of the volume were discarded to avoid aliasing. The resulting 3D image matrix size was 128 × 128 × 22. The balanced four-point displacement encoding strategy was used with a displacement-encoding frequency k e = 0.06 cycles/mm (19) . Threepoint phase cycling was used to suppress artifact-generating echoes (20) . For a single 3D partition corresponding to a single displacement encoding direction and a single phase cycling point, a total of 6 spiral interleaves were acquired. Two interleaves were acquired per heartbeat, so 3 heartbeats were needed to acquire a complete set of spirals. In addition, for each 3D partition, 2 heartbeats were used to acquire data for two low spatial resolution 3D field maps for deblurring. Therefore, the number of navigator-accepted heartbeats to complete the entire 3D acquisition is (3 × 4 × 3 + 2) × 14 = 532. During the scan, the volunteers breathed freely. The navigator echo acceptance window center was placed at end expiration, with a ± 3-mm acceptance window width.
In addition to 3D imaging, 2D breath-hold spiral cine DENSE images (16) with closelymatched parameters were also acquired for comparison. Specifically, 2D short-axis views at basal, mid-ventricular, and apical levels, and long-axis two-chamber and four-chamber views were acquired. The slice thickness was 8 mm. For the short-axis images, the distances between the basal and mid-ventricular levels and between the mid-ventricular and apical levels were 15 mm. Simple three-point displacement encoding was used with an encoding frequency k e = 0.1 cycles/mm (19) . For artifact suppression, two-point phase cycling with through-plane dephasing was utilized (27) .
Comparison of Strain Results From 2D and 3D Cine DENSE Data
A comparison of the normal strains measured using 2D and 3D cine DENSE was performed for 16 segments of the standard AHA 17-segment model (all segments except the apex cap) (26) . For E rr and E cc comparisons, the short-axis 2D cine DENSE images were used, and for the E ll comparison the long-axis 2D cine DENSE data were used. Because just two long-axis views were acquired, the E ll comparisons were made only for 12 segments. The segments were selected from locations in 3D cine DENSE data sets that matched the locations of the 2D cine DENSE slices. Mean values of E rr , E cc , and E ll of these segments were compared using all cardiac phases by means of linear regression. Bland-Altman analysis was also performed.
RESULTS

Pulse Sequence, Image Reconstruction, and Strain Analysis
The total scan time of the navigator-gated 3D cine DENSE acquisition depended on each individual's heart rate and the navigator efficiency. For the 5 healthy volunteers, the navigator acceptance percentage was 48.0 ± 15.7%, and the mean scan time was 20.5 ± 5.7 minutes. Using navigator gating, signal loss and other artifacts due to respiratory motion were greatly reduced compared to data acquired without any kind of compensation for respiratory motion (data not shown).
Example magnitude-reconstructed and phase-reconstructed 3D cine DENSE images at endsystole from one volunteer are shown in Fig. 2 . The upper row contains short-axis images that were reconstructed online, including a magnitude image (Fig. 2a ) and phase images with displacement encoded in the horizontal (Fig. 2b), vertical (Fig. 2c) , and through-plane directions (Fig. 2d) . The lower row contains corresponding images reformatted offline in a long-axis four-chamber view. The average SNR for magnitude-reconstructed images of the mid-ventricular partition at the earliest and the latest cardiac phases for the 5 healthy volunteers were 81.4 ± 12.5 and 34.1 ± 7.7, respectively. Three-dimensional strain at each voxel within the myocardium was computed for both the local RCL coordinate system and the principal coordinate system. Example high-resolution 3D displacement renderings for one volunteer at end-diastole, mid-systole, and end-systole, with color encoded for E rr , E cc and E ll , are shown in Fig. 3a-3c, Fig. 3d-3f and Fig. 3g-3i , respectively. The spatiotemporal evolution of strain through different cardiac phases can be appreciated as the heart contracts during systole. Multiphase data are also displayed as corresponding 3D displacement movies in online supplemental data.
3D Cine DENSE-derived Myocardial Mechanics for Normal Volunteers
Mean strain-time curves for the normal strains E rr , E cc , and E ll , as well as for the shear strains E rc , E rl and E cl from the mid-ventricular partitions of the 3D cine DENSE data for 5 volunteers are shown in Fig. 4a-4f , respectively. Some phases near the end of the cardiac cycle were dropped because not all the data sets have 22 cardiac phases, depending on the heart rate of subjects. The high spatial resolution of these images enables the detection of differences in strain between the subendocardial, mid-wall and subepicardial layers. Transmural gradients of strain are evident for E rr and E cc ( Fig. 4a and 4b) , while no strain gradient is observed for E ll (Fig. 4c) . Specifically, ANOVA on ranks indicated significant differences of E rr for different layers, with greater E rr in the subendocardial layer compared to the subepicardial layers (p < 0.01). Similarly, one-way ANOVA indicated significant differences of E cc for different layers, with greater shortening in the subendocardium compared to the subepicardium (p < 0.05). In contrast, no differences of E ll were detected for different layers by ANOVA.
In Fig. 5, 3D ellipsoids are used to visualize the 3D strain tensor as well as tissue displacement. Specifically, the position of each ellipsoid is determined by its displacement from the end diastolic to the end systolic position (as in Fig. 3) , and the lengths and orientations of the principal axes of the ellipsoids are determined by the lengths and orientations of the principal strains. In addition, the ellipsoids are color coded according to E cc . End-systolic ellipsoid strain tensor maps are shown for one volunteer in a midventricular short-axis plane in Fig. 5a , and in a long-axis plane in Fig. 5b . In both views, the direction of the first principal strain generally points toward the center of the LV, and tissue shortening is observed perpendicular to that direction. Transmural variations of strain are evident between the subepicardial and subendocardial layers, with greater radial lengthening and circumferential shortening occurring in the subendocardial compared to the subepicardial layer. Multiphase data are displayed as corresponding ellipsoid movies in online supplemental data.
Twist angles for basal, mid-ventricular, and apical levels are plotted vs. time in Fig. 6a . The most apical slice rotates clockwise as viewed from the base (negative angle) during systole. The mid-ventricular slice also rotates clockwise as viewed from the base, but the amount of rotation is less than at the apex. The most basal slice rotates slightly clockwise in early systole and then turns counterclockwise in later systole. All the slices rotate back to their original position at the end of the cardiac cycle. The evolution of LV torsion as a function of time in the cardiac cycle is shown in Fig. 6b .
Regional variation in end systolic values of E rc , E rl and twist angle were observed in the normal volunteers. Bull's eye plots of these parameters employing the AHA 16-segment model display these differences in Fig. 7a-7c , respectively. Specifically, 3D cine DENSE showed that E rc generally increased from base to apex (Fig. 7a) , with statistical significance indicated by one-way ANOVA (p < 0.01). Also, E rl was found to be significantly greater in the postero-lateral wall compared to the antero-septum (Fig. 7b ), (p < 0.05) when using a ttest to compare the mean of all postero-lateral segments to the mean of all antero-septal segments. For all other strains, no significant differences were detected for different LV regions. For twist angle, one-way ANOVA showed significant differences among basal, mid-ventricular and apical levels (p < 0.01), with greater clockwise twist at the apex compared to the base (Fig. 7c) . In addition, regional variations in twist angle can be observed within a slice, especially at the base (Fig. 7c) .
Comparison of Strain Results using 2D and 3D Cine DENSE
Good linear correlations between normal strains obtained using 3D and 2D cine DENSE data at multiple cardiac phases and in different LV segments were generally found, including a slope of 0.798, an intercept of 0.066 and R 2 = 0.461 for E rr (Fig. 8a) , a slope of 0.853, an intercept of −0.014 and R 2 = 0.827 for E cc (Fig. 8b) , and a slope of 0.769, an intercept of −0.015 and R 2 = 0.621 for E ll (Fig. 8c) . Bland-Altman plots also demonstrate good agreement between 3D and 2D cine DENSE data, where the mean differences between 3D and 2D cine DENSE data were 0.026 for E rr (Fig. 8d), 0.001 for E cc (Fig. 8e) , and 0.003 for E ll (Fig. 8f) .
DISCUSSION
A 3D cine DENSE sequence was developed that provides volumetric anatomical coverage and encodes for 3D tissue displacement during a navigator-gated free-breathing scan. In addition, post-processing algorithms were developed for tissue tracking and strain analysis of 3D cine DENSE data. These methods were evaluated for the quantitative assessment of LV mechanics in 5 healthy volunteers. Navigator gating was effective for reducing respiratory artifact in the healthy volunteers that participated in this study. The navigator pulses were timed to occur near the end of the cardiac cycle, prior to R-wave detection, so as not to interfere with displacement encoding and data acquisition during the onset of contraction, which may be important to detect in the setting of electrical conduction delays and mechanical dyssynchrony. A stack-of-spirals k-space trajectory provided high SNR and efficient data sampling, while field mapping and off-resonance correction reduced blurring. Balanced displacement encoding also served to increase the SNR of DENSE phase images (19) . Fat suppression and three-point phase cycling were other important pulse sequence design features that served to reduce artifacts from unwanted signals. While segmentation of the LV was performed manually in this study and was time consuming, the subsequent calculation of the Lagrangian displacement field (as well as all derivative measurements of mechanics based on displacement such as strain, twist, and torsion) was automatic, without the need for any manual intervention such as tag detection and without applying filters to the raw data such as in harmonic phase (HARP) processing (28) . The latter practice leads to a loss of spatial resolution, which, in practice, is often substantial (29) . Completely eliminating the need for tag detection without filtering the raw data represents an important advance in quantitative imaging of myocardial mechanics.
The 3D cine DENSE measurements of the mechanics of the normal human LV from this study are in good agreement with detailed measurements previously reported using 3D myocardial tagging. For example, our mean end-systolic mid-ventricular mid-wall E rr , E cc , and E ll values were 0.33 ± 0.10, −0.17 ± 0.02 and −0.16 ± 0.02, respectively. These are similar to the corresponding values of 0.42 ± 0.11, −0.19 ± 0.02 and −0.15 ± 0.02 inferred from the data of Moore et al (10) , and 0.18 ± 0.04, −0.20 ± 0.01 and −0.16 ± 0.01 inferred from the data of Young et al (11) . The 3D cine DENSE method, using this particular set of parameters, also provided high spatial resolution compared to previous techniques (10-13), albeit using a relatively long scan time. For example, in the present study, E rr , E cc , E ll values at end systole were measured as 0.38 ± 0.10, −0.20 ± 0.02 and − 0.16 ± 0.03, respectively, for the mid-ventricular subendocardial layer, and 0.29 ± 0.11, −0.16 ± 0.02 and −0.15 ± 0.02, respectively, for the mid-ventricular subepicardial layer. This transmural gradient of E cc across the wall of the heart measured by 3D cine DENSE is in agreement with Moore et al (10) . In addition, while Moore et al lacked the spatial resolution to measure a similar transmural gradient of E rr (10), our technique was able to detect this variation.
High spatial resolution was also helpful in measuring the shear strains. For example, we measured mean end-systolic mid-ventricular mid-wall E rc , E rl and E cl values of 0.06 ± 0.01, 0.02 ± 0.02 and 0.03 ± 0.00, respectively. These measurements are similar to the corresponding values of 0.05 ± 0.03, 0.05 ± 0.03 and 0.04 ± 0.02 inferred from the data of Moore et al (10) , and 0.03 ± 0.01, 0.01 ± 0.02 and 0.04 ± 0.01 inferred from the data of Young et al (11) . Also, our E rc strain-time curve has similar range and shape compared to those reported by Ubbink et al (30) and Bovendeerd et al (31) . In contrast to the curves for E rc and E cl , we observed that E rl develops later and peaks later. This pattern of E rl evolution is consistent with the data reported by Cheng et al (32, 33) . In addition, our twist value of −6.4 ± 1.4 degrees for the mid-ventricular slice at end systole is similar to the corresponding value of 5.8 ± 1.3 degrees (where the different sign is due to different definitions for a positive rotation angle) inferred from the data of Young et al (11) , and 3.8 ± 1.6 degrees reported by Russel et al (34) . Also our torsion value at end systole was −7.9 ± 0.5 degree, which is similar to the value of 7.7 ± 1.4 degrees reported by Russel et al (34) , where again the different signs are due to different definitions of positive rotation angle. The range and shape of our curves for twist and torsion also match closely with those reported by Russel et al (34) . For visualizing the strain tensor maps at high spatial resolution, we used an ellipsoid map. Superquadric glyphs may be even better for strain tensor visualization (35) .
To validate the 3D cine DENSE data, we also scanned the same volunteers using short-and long-axis 2D cine DENSE MRI. These comparisons showed excellent correlations for E cc and E ll , but only a moderate correlation for E rr . The moderate correlation for E rr occurred because 2D estimates of E rr do not account for the curvature of the LV as a function of longitudinal position, whereas 3D estimates do account for this factor. For this reason, it is likely that the 3D estimates of E rr are more accurate than the 2D estimates. In addition, the standard deviation for E rr is greater than for E cc and E ll . This may also have contributed to the poorer correlation for E rr .
Two limitations of the study were the relatively long scan time and the use of manual segmentation of the LV. However, since the SNR of the images was high (between 34 and 81), methods such as outer volume suppression (18) , parallel imaging and sparse sampling may be applicable in the future and may reduce the total scan time by at least a factor of 2.
To address the issue of segmentation, we plan to extend a previously described motionguided segmentation algorithm for 2D cine DENSE (36) to the 3D case. Using these algorithms, analysis of 3D cine DENSE images may be considerably more rapid.
In conclusion, 3D cine DENSE is a promising method for quantitatively measuring 3D myocardial mechanics. A navigator-gated free breathing method was effective for reducing respiratory artifact. Since displacement is encoded into the phase of the isolated stimulated echo, neither tag detection nor filtering the raw data are required, and image analysis is less time consuming while maintaining spatial resolution. Myocardial mechanics measured by 3D cine DENSE are similar to historical 3D myocardial tagging data, the reference standard, and the high spatial resolution may reveal even more detail than tagging such as a transmural gradient of E rr . Direct comparison of strain with 2D cine DENSE also demonstrates the accuracy of the 3D cine DENSE data. With future developments in automatic segmentation and faster pulse sequences, 3D cine DENSE may be suitable for routine use.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Timing diagram for the 3D cine DENSE pulse sequence. A navigator echo is played out before the ECG trigger so as not to interfere with displacement encoding prior to or imaging during the onset of myocardial contraction (marked as the NAV block in the diagram). Immediately after detection of the R wave, a spectrally-selective fat suppression pulse is applied (marked as the FS block in the diagram), which is followed by the displacementencoding module. A segmented data acquisition, which includes displacement-unencoding gradients and a 3D stack-of-spirals k-space trajectory, is used to sample the displacementencoded longitudinal magnetization at multiple cardiac phases. In this diagram, the displacement-encoding gradients are applied in the frequency-encoding direction (the gradient waveform shown in the solid line on the G FE axis). However, more generally, displacement encoding can be applied in any direction by also applying the gradients shown in dashed lines on the G PE and/or G SS axes, respectively. Applying gradients in multiple directions is employed for balanced multi-point displacement encoding. In practice, to minimize the echo time, the displacement-unencoding gradients are combined with spatial encoding gradients, but are shown separately in this diagram for clarity. Example magnitude-(a,e) and phase-reconstructed 3D spiral cine DENSE images (b-d, f-h) of the heart at end-systole. The 3D volume was oriented along the principal axes of the LV. Online image reconstruction depicted short-axis planes of the LV, as shown in the magnitude-(a) and phase-reconstructed (b-d) images in the upper row. The lower row contains corresponding data reformatted offline in a long-axis four-chamber view. The images in (b) and (f) were encoded for displacement in the horizontal direction of the shortaxis plane, in (c) and (g) were encoded for displacement in the vertical direction of the shortaxis plane, and in (d) and (h) were encoded for displacement in the longitudinal direction. bottom row (g-i) . The E rr values are mostly positive, which represents local tissue stretching in the radial direction. The E cc and E ll values are mostly negative, representing local tissue shortening in the circumferential and longitudinal directions, respectively. Multiphase data are displayed as corresponding 3D displacement rendering movies in online supplemental data. Mean strain-time curves for the normal strains E rr , E cc , and E ll , and for the shear strains E rc , E rl and E cl for the mid-ventricular slice for all 5 normal volunteers. Data are shown separately for subendocardial, mid-wall and subepicardial layers, demonstrating the measurement of transmural strain gradients for some strains. Data are shown as mean ± standard deviation. Ellipsoid visualization of 3D end-systolic LV function for one volunteer. In short-axis (a) and long-axis (b) views reconstructed from full volumetric 3D data sets, displaced (relative to their end-diastolic positions) ellipsoids represent both motion and 3D strain. For 3D strain, the lengths and orientations of the principal axes of the ellipsoids are determined by the lengths and orientations of the principal strains. Also, the ellipsoids are color coded according to E cc . The direction of the first principal strain generally points toward the center of the LV. Transmural gradients of strain are evident, with greater radial lengthening and circumferential shortening occurring in the subendocardium vs the subepicardium. Multiphase data are displayed as corresponding ellipsoid movies in online supplemental data. Bull's eye plots at end systole for (a) E rc , (b) E rl , and (c) twist angle (in degrees). Data are from 5 normal volunteers. Sectors are gray-scale coded according to the mean values of strains or twist angle, and are marked with mean ± standard deviation. Regional variation was observed for these parameters. Specifically, E rc increased from base to apex, E rl was greater in the postero-lateral wall compared to the antero-septum, and twist angles were higher at the apex compared to the base. 
